a Large-scale molecular dynamics simulations of nanoindentation on a (100) oriented silicon surface were performed to investigate the mechanical behavior and phase transformation of single crystalline silicon.
Introduction
Silicon is widely known to exhibit pressure-induced polymorphism and amorphization, which has attracted signicant attention for its important role in silicon's performance-related properties. The micro/nano-indentation has been extensively applied to investigate this matter both experimentally and theoretically in the past half-century. During nanoindentation, a high-pressure phase transformation (HPPT) from a semiconductor-like phase (pristine diamond cubic structure, Si-I) to a metallic phase is observed by in situ electrical measurements. 1, 2 This resulting metallic phase is identied as the b-Si phase with a body-centered-tetragonal structure based on the phase transformation sequences observed in the diamond-anvil cell experiments.
2 While unloading, a sudden change in both the contact electrical resistance and load-displacement curves (known as pop-out) indicates the occurrence of a further phase transformation from the b-Si phase to the crystalline bc8/r8 phase, or an amorphous silicon (a-Si), or mixture of both (bc8/r8 and a-Si), depending on the unloading rate. 3, 4 The slow release rate endorses the crystal growth of the metastable bc8/ r8 phase, whereas the fast unloading rate promotes amorphization. Molecular dynamics (MD) simulations conrm the formation of the b-Si phase and further show its structural characteristics and detailed distribution.
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In addition, another new high-pressure phase of bct5 with body-centeredtetragonal structure has been predicted. 6, 7, 9 This result is supported by a recent in situ Raman microspectroscopy experiment. 11 Further studies indicate that the phase transformation strongly depends on the maximum indentation load, 4, 12, 13 load/ unload speed, 3, 4, [12] [13] [14] and the crystallographic orientation of the indented surface in nanoindentation. 15, 16 All these research studies suggest that the crystalline-tocrystalline transformation (Si-I to b-Si and bct5) is the fundamental transformation mode during loading in nanoindentation. The crystalline-to-amorphous transformation must undergo a transition state of the crystalline b-Si and bct5 phases, i.e. the amorphous silicon is transformed from the intermediate high pressure crystalline b-Si and bct5 phases upon rapid unloading. However, direct crystalline-to-amorphous transformation is also reported, which challenges the necessity of high pressure phases during the crystalline-to-amorphous transformation. Gogotsi et al. 17 provide an evidence that the amorphous silicon can be directly formed by the lattice distortion, induced by dislocation during the nanoindentation process using the Berkovich indenter. This defect accumulation-induced amorphization is further supported by some recent research studies. Shan et al.
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performed an advanced in situ TEM uniaxial compression of a nanoscale core/shell sample. The results unambiguously demonstrated that amorphous silicon is directly transformed from single crystalline silicon. No other intermediate crystalline phases were observed. Moreover, this direct amorphization can also be found in bulk silicon under dynamic shock compression. 19 However, evidences for the direct amorphization are still rare in nanoindentation, especially with a spherical indenter.
In general, due to the large size and symmetrical nature of the spherical indenter, crystalline-to-crystalline transformation is promoted as the sole deformation mechanism in nanoindentation, 20 whereas direct amorphization may be prevented. In this study, we report the direct crystalline-to-amorphous transformation in nanoindentation with a spherical indenter using MD simulations. We addressed this phenomenon by analyzing the detailed transformation process and stress mechanism.
Method
Large-scale MD simulations were performed based on the Tersoff potential to investigate the nanoindentation on a at Si(100) surface.
21 Fig. 1 shows the adopted MD simulation model. In this model, a spherical diamond indenter with a diameter of 20 nm, which was carved out of a (100) oriented diamond block, was used. The indenter is considered as a rigid body due to its superior hardness as compared to that of the silicon specimen. Two different single crystalline silicon specimens were used to test the effect of the nite system size: a small specimen with dimensions of 43.45 Â 43.45 Â 29.87 nm 3 and a large specimen with dimensions of 65.17 Â 65.17 Â 40.73 nm 3 . The results indicate that the two specimens exhibit almost the same load-indentation strain curves, which implies that the small specimen is appropriate for this study. The total number of atoms that composed this silicon specimen was more than six million. To obtain the equilibrium conguration of the silicon specimens at a temperature of 300 K, a meticulous heat treatment process was performed, in which the temperature is controlled using the NVT ensemble with Langevin dynamics. 22 The initial specimens, composed of silicon atoms with diamond cubic structure and with a lattice parameter of 5.431Å, were rst heated from 0 K to 600 K over 25 ps and this temperature was maintained over 25 ps. Then, the heated specimens were gradually cooled down to 300 K within 25 ps, subsequently followed by an annealing step at 300 K over 50 ps.
Aer the initial construction, the MD simulations of nanoindentation were performed with a constant velocity of 80 m s
À1
by the code of LAMMPS. 23 The free boundary is applied along the indentation direction, whereas periodic boundary conditions were utilized along the other two directions. The bottom four atomic layers were frozen during the simulation to provide structural stability. The adjacent atomic layer with a 2 nm thickness maintained a constant temperature of 300 K to dissipate the excessive thermal energy. All the remaining atoms freely moved according to the Newtonian equations of motion.
A set of combined techniques consisting of modied coordination number (CN) considering the nearest and second nearest neighbors, radial distribution function (RDF) and bond angle distribution function (ADF) was applied to identify the six phases (Si-I, Si-II, Si-III, Si-XII, bct5, and a-Si) observed in the previous studies. 9 In our MD simulations, we have not found a large Si-III/Si-XII phase region either under loading or unloading. Instead, we found many isolated Si-III/Si-XII atoms around the transformation region. Further analyses indicated that these atoms have a slightly distorted diamond cubic structure (DDS) rather than the structure of the Si-III/Si-XII phase. Therefore, in this study, we employed DDS instead of Si-III/Si-XII atoms. A detailed description of these combined techniques and analyses of the DDS can be found in our prior report. 
Results

Load-indentation strain curve
To compare the results of nanoindentation with different radii of indenter, the characteristic indentation strain 3 is employed to take the place of the generally used indentation depth. The indentation strain 3 is dened as follows:
where h is the contact depth and a is the contact radius. For a spherical indenter, a can be expressed as:
where R is the indenter radius. When h approaches the maximum value R, the 3 also reaches its maximum value of 0.2. Fig. 2 shows the load-indentation strain (L-3) curve for the Si(100) surface induced by nanoindentation. A distinct discontinuity of the L-3 curve can be found at 3 ¼ 0.146, which is the so called "pop-in" event. Beyond this point, the shape change of the L-3 curve implies a transformation of the deformation mechanism. This pop-in is generally found in the experiments and widely accepted as a signal of the HPPT from the Si-I to the b-Si phase. Herein, note that the present pop-in event differs from those observed in the experiments. The analyzation of the HPPT indicates that the plastic deformation begins at 3 ¼ 0.069, but no noticeable pop-in event is observed, as shown in Fig. 1 . The possible reasons lie in the extremely small radius of the indenter and tremendous indentation speed used in the MD simulation, contrary to an experiment. With this result, multiple occurrences of the pop-in events should be detected in nanoindentation on a Si(100) surface with low velocity and a large indenter, which has been reported in an experiment.
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Considering the pop-in and the onset of the plastic deformation, the L-3 curve can be divided into three stages, as indicated in Fig. 1 . In stage I, the single crystalline silicon undergoes a reversible elastic deformation. From the beginning of stage II, the plastic deformation occurs, processed by HPPT. Thus, the high-pressure phases can be observed in both stage II and III; however, the type and distribution of the high-pressure phases are very different in these two stages, as described in detail below. Fig. 3 illustrates the evolution of the high-pressure phases during loading in nanoindentation on the Si(100) surface, in which the high-pressure phases are identied and colored according to the modied coordination number. At a small 3 (less than 0.146), the crystalline b-Si phase and bct5 phase are the only two high-pressure phases, as shown in Fig. 3(a) . Several b-Si single-phase regions can be found below the indenter. Among these, a large isolated b-Si single-phase region lies in the center of the transformation region, and another four small b-Si single-phase regions are distributed around this large region along the AE[100] and AE[010] directions. The bct5 phase is distributed around the b-Si phase regions and lls the rest of the transformation region. However, the atomic layer with several nanometers directly beneath the indenter has not undergone any phase transformation. Around the phase transformation region, a large number of isolated atoms with distorted diamond structure can be found, which indicates that these atoms underwent a large deformation. The detailed structural characteristics and distribution of the high-pressure phase are consistent with those reported in our previous studies 9, 25 and other study. When the 3 increases over the critical value of 0.146, a great shi of the high-pressure phases takes place. The b-Si phase and bct5 phase are no longer the only two high-pressure phases since the a-Si phase begins to appear in the transformation region. With the increase in 3, the large isolated b-Si phase region in the center of the transformation region continuously expands, whereas the four small b-Si regions are gradually substituted by the a-Si phase, as shown in Fig. 3(b)-(d) . This implies the occurrence of direct amorphization. The observed untransformed region directly beneath the indenter at small 3 is gradually occupied by the b-Si phase at large 3. As a result, a new map of high-pressure phases at large 3 appears, which is dramatically different from the previously reported results, as indicated in Fig. 3(d) . Fig. 4 is a series of the cross-section views, which shows the distribution of the high-pressure phases at 3 ¼ 0.2. The phase transformation region can be divided into upside and underside by the bottom of the indenter [marked by the dashed line in Fig. 4(a) ]. In the underside region, b-Si phase, bct5 phase, and aSi phase coexist, as indicated in Fig. 4 
HPPT in nanoindentation
(d) and (e).
Although the bct5 phase region shows similar four-fold symmetrical patterns in the upside and underside regions, the 
The process of the HPPT
The detailed process of the HPPT at a small indentation strain has been discussed in previous reports, 6, 7, 9, 25 in which the pristine silicon continually transforms into b-Si and bct5 phases. In this section, we focus on the formation of the a-Si phase.
The evolution of the high-pressure phases (see Fig. 3 ) indicates that the phase transformation process with the increasing 3 can be divided into two stages with a critical 3 of 0.146. In the rst stage, the pristine diamond structure silicon continuously transforms into crystalline b-Si phase and bct5 phase, which results in the rapid expansion of the b-Si and bct5 phase regions. In the second stage, the b-Si phase and bct5 phase continuously expand. Moreover, the pristine silicon and a part of the b-Si phase and bct5 phase gradually transform into the a-Si phase. The formed a-Si phase distributes around the indenter, which directly provides support force to the indenter. Hence, the plastic ow of a-Si dominates the deformation process in this stage. The difference in the deformation mode leads to the discontinuity point in the L-3 curve. Hence, the formation of the a-Si phase is responsible for the pop-in event in the L-3 curve. In summary of these observations, a map can be compiled, as shown in Fig. 5 , to show the high-pressure phases as a function of 3 under the present conditions. Fig. 6 shows the radial distribution function (RDF) and bond angle distribution function (ADF) of the a-Si phase during loading in a selected cuboid region. The disappeared third RDF peak, broadened RDF, and ADF peaks conrm the amorphous characteristic. The rst RDF peak appears at a distance of 0.248 nm, which is slightly larger than that of the perfect cubic diamond structured silicon (0.235 nm). The centered peak of ADF is shied to 76.50
Structural characteristics of a-Si phase
, and there is a small peak near 58.50 . This is very different from that of the perfect cubic diamond structured silicon, whose ADF has a single peak at 109 . Careful calculation shows that the average coordination number of the a-Si phase is 6.70, which is consistent with the experimental value of 6.40 (ref. 26 ) and the CP simulation result of 6.5 (ref. 27 and 28) for liquid silicon. The proportion of 5-and 6-coordinate silicon atoms approaches $82.80%. Moreover, the volume per atom of a-Si is 0.750 relative to the zero-temperature diamond structure. These structure parameters are in accordance with the high density a-Si phase (HDA). Hence, the a-Si phase observed during the loading of nanoindentation on Si(100) is the HDA phase with a dense network structure, as shown in the inset of Fig. 6 .
Discussion
The present results indicate that the direct crystalline-toamorphous transformation can occur in nanoindentation on Si(100) with a spherical indenter as long as the applied indentation strain or load is large enough. The amorphization initiates at the large indentation strain of 0.146 under the present simulation conditions. Why does the amorphization appear at a large indentation strain? Our MD simulations indicate that the large shear stress and associated hydrostatic pressure drive this amorphization. With the increase in the indentation strain, the shear stress becomes larger and larger, as shown in Fig. 7 . At a large indentation strain, the b-Si and bct5 phases at the edge of the transformation region undergo very large shear stress and associated hydrostatic pressure. However, the b-Si phase directly beneath the indenter sustains very low shear stress and high hydrostatic stress, as indicated in Fig. 6(b) . When the shear stress is large enough, the generated bct5 phase, b-Si phase, and pristine silicon can all transform into the a-Si phase. Conversely, the low shear stress and high hydrostatic stress in the region directly beneath the indenter promote the continual expansion of the b-Si phase region in the further indentation process. The present result emphasizes that it is the large shear stress and associated hydrostatic pressure that facilitate the direct crystalline-to-amorphous transformation rather than single large shear stress, which is just like the case of nanoindentation at a large indentation strain. The crystalline-to-amorphous transformation of silicon has been observed under other loading conditions, which provides more evidence for this viewpoint. In nanoscratching, where the shear stress is much larger than the hydrostatic pressure, amorphization processes act as the dominant transformation mode.
9 Direct crystallineto-amorphous transformation is also observed in the shock compression of single crystalline silicon 19, 29 and in the uniaxial compression of the core/shell congurations, 18 in which the hydrostatic pressure is considered as another essential condition besides the large shear stress. Conversely, the combination of high hydrostatic pressure and low or even no shear stress triggers the crystalline-to-crystalline transformation, which is the situation of the nanoindentation carried out at a low indentation strain and the high-pressure experiment. In the diamond-anvil cell experiments, the crystalline-to-crystalline transformation and the absence of a-silicon provide a reliable evidence for this conclusion. Although the existing research studies and the present simulation indicate that different combinations of hydrostatic pressure and shear stress induce a variety of phase transformations, a quantitative description is still an open question, which is outside the scope of this article.
In the shock compression of single crystalline silicon 19, 29 and uniaxial compression of the core/shell conguration, 18 the crystalline-to-amorphous transformation is conducted through defect accumulation. Herein, we did not nd any defects, such as dislocation and stacking faults, in the simulation. As previously mentioned, the silicon atoms surrounding the transformation region undergo severe lattice distortion, as shown in Fig. 3 and 4 . We consider that it is just the lattice distortion that induces the crystalline-to-amorphous transformation in the present simulation of nanoindentation. In fact, the lattice distortion-induced amorphization has been observed in the unloading of nanoindentation. 17 The defect accumulation-induced amorphization may become true in the nanoindentation process at large enough indentation strain, where the defects could initialize and develop besides the phase transformation. Unfortunately, this is beyond the ability of the Tersoff potential.
While unloading, the pressure-induced a-Si could further transform through two possible paths. In the rst possible transformation path, the a-Si phase is retained when the unloading process is fast enough, similar to quenching. This is the only path that can be predicted by the MD simulation, as only the fast unloading process can be simulated since it is limited by the computational capability and intrinsic algorithm. In the second possible transformation path, the a-Si phase crystallizes into pristine diamond structured silicon or into Si-III and Si-XII phases. This is evidenced by the observed crystalline pockets embedded in the a-Si region.
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Under the present conditions, the critical strain for the crystalline-to-amorphous transformation reaches 0.146. Considering the overestimated melting temperature by the Tersoff potential, the real critical strain should be smaller than 0.146. In nanoindentation with a spherical indenter, it is difficult to achieve this critical strain for the limited load of the present instrument. Therefore, it is very difficult to observe the amorphization under the present experimental conditions. However, the critical strain can be easily achieved by a sharp indenter, such as Vickers, Berkovich, and cube corner indenters. Moreover, the direct amorphization with a Berkovich indenter has been reported, 14 which indirectly veries the present results.
Conclusion
We perform the large-scale molecular dynamics simulations of nanoindentation on the (100) surface of the single crystalline silicon with a spherical indenter. A clear evidence that the HPPT depends on the indentation strain is presented. At low indentation strain (in the range from 0.069 to 0.146), the pristine single crystalline silicon transforms into crystalline b-Si and bct5 phases. Once the indentation strain exceeds the critical value of 0.146, the direct crystalline-to-amorphous transformation can be observed without any intermediate crystalline phase. Accompanying this amorphization, a distinct pop-in event is observed in the load-indentation strain curve.
Further investigations indicate that the pressure-induced amorphization proceeds through lattice distortion. The combination of large shear stress and associated hydrostatic pressure facilitate this direct crystalline-to-amorphous 
